Type V CRISPR-Cas systems are distinguished by a single RNA-guided RuvC domain-containing effector, Cas12. Although effectors of subtypes V-A (Cas12a) and V-B (Cas12b) have been studied in detail, the distinct domain architectures and diverged RuvC sequences of uncharacterized Cas12 proteins suggest unexplored functional diversity. Here, we identify and characterize Cas12c, -g, -h, and -i. Cas12c, -h, and -i demonstrate RNA-guided double-stranded DNA (dsDNA) interference activity. Cas12i exhibits markedly different efficiencies of CRISPR RNA spacer complementary and noncomplementary strand cleavage resulting in predominant dsDNA nicking. Cas12g is an RNA-guided ribonuclease (RNase) with collateral RNase and single-strand DNase activities. Our study reveals the functional diversity emerging along different routes of type V CRISPR-Cas evolution and expands the CRISPR toolbox.
C
ompetition between prokaryotes and viruses has led to the evolution of diverse defense strategies, with more being identified through the mining of growing genomic and metagenomic sequence databases (1-3). Class 2 CRISPR-Cas systems are of particular interest, because their programmable single-effector nucleases have enabled genome engineering and nucleic acid detection tools (4) (5) (6) (7) (8) . Class 2 systems include types II, V, and VI, which are based on Cas9, Cas 12, and Cas13 effectors, respectively (9) (10) (11) . Cas9 contains an HNH nuclease domain inserted into a RuvC nuclease domain (12) (13) (14) , and the two domains together cleave double-stranded DNA (dsDNA). Cas12 contains a single RuvC nuclease domain that cleaves dsDNA adjacent to protospacer adjacent motif (PAM) sequences (15) and single-stranded DNA (ssDNA) nonspecifically (16) . Cas13 contains two HEPN domains that cleave RNA exclusively (10, 17, 18) .
We aggregated more than 10 terabytes of sequence data and generated a database of 293,985 putative CRISPR-Cas systems (19) . From this database we identified type V systems with predicted effectors ranging in size from 720 to 1093 amino acids, each of which contained a C-terminal RuvC domain ( fig. S1 ). The classification tree of type V effectors splits into three major branches: (i) Cas12a, -c, -d, and -e; (ii) Cas12b and its distant homologs; and (iii) subtype V-U variants closely related to transposon-encoded TnpB. Predicted type V effectors in this study showed weak sequence similarity (E > 10 ) with previously characterized ones. Combined with differences in locus organization and subsequently uncovered functional differences, our work supports the assignment of separate subtypes, V-G, V-H, and V-I (Fig. 1A, fig. S1 , and table S1). Whereas Cas12h and -i cluster with Cas12b, albeit at a large evolutionary distance, Cas12g clusters with the predicted subtype V-U effectors and TnpBs (Fig. 1A) . The subtype V-U effectors, including the recently identified Cas14a, -b, and -c (subtype V-F), are much smaller than the typical CRISPR effectors and show greater similarity to TnpB (11, 20) . Cas14a and Cas12g appear to have evolved from distinct TnpB ancestors (Fig. 1A) . Thus, experimental characterization of subtype V-G is of particular interest to elucidate the routes of evolution of TnpB proteins into functional CRISPR effectors.
To functionally characterize the type V-G, -H, and -I systems, we used an Escherichia coli negative selection screen, in which RNA-guided interference activity of reconstituted CRISPR-Cas systems reduces bacterial viability at 37°C (19) . Each screen included: (i) an effector plasmid carrying predicted Cas genes; (ii) a CRISPR array library targeting pACYC184 and E. coli essential genes; and (iii) a noncoding plasmid containing concatenated cas gene-flanking noncoding sequences for the unbiased detection of trans-activating crRNA (tracrRNA) elements (Fig. 1, B and C) .
In vivo screening of the compact subtype V-G effector, Cas12g1 (767 amino acids), revealed interference activity that specifically targeted the sense DNA strand of actively transcribed substrate regions ( Fig. 2A, fig. S2A , and table S2). Analysis of target-flanking sequences revealed no PAM requirements for interference ( fig. S2 , B to D). Mutation of the RuvC-I motif of Cas12g1 [Asp 513 →Ala (D513A)] or omission of the noncoding plasmid substantially decreased interference activity (Fig. 2B and fig. S2 , E to G). RNA sequencing of screen samples revealed a tracrRNA expressed from the noncoding plasmid and a mature crRNA from the CRISPR array library (Fig. 2, C and D, and fig. S3 ). However, purified Cas12g1 was incapable of processing its pre-crRNA in vitro with or without tracrRNA, suggesting that additional endogenous factors are required for in vivo crRNA biogenesis (figs. S4 and S5 and table S3).
By investigating the mechanism of in vivo interference by subtype V-G systems, we found that ternary complexes consisting of Cas12g1, tracrRNA, and in vivo screen-validated crRNAs showed no cleavage of cognate ssDNA or dsDNA substrates at 37°C (fig. S6, A Fig.  2A) , we assessed cleavage of sense ssDNA (containing crRNA spacer-complementary target) or antisense ssDNA substrates in the presence of sense or antisense RNA transcripts. The Cas12g1 ternary complex efficiently cleaved the sense ssDNA in the presence of sense RNA (hereafter, target RNA), and this activity increased in efficiency from 37°to 50°C ( Fig. 2E and fig. S8A ). No ssDNA cleavage was observed for any other DNA-RNA substrate combination ( fig. S8 , B to D). In the presence of target RNA, Cas12g1 ternary complex also cleaved unrelated collateral ssDNA ( Fig. 2E and fig. S9 ), demonstrating that target RNA activates nonspecific collateral ssDNA cleavage in trans by Cas12g1.
The weak ssDNA cleavage observed at 37°C is likely not responsible for the robust Cas12g1 interference activity observed in vivo. Thus, we investigated the intrinsic ribonuclease (RNase) activity of Cas12g1 and observed strong target RNA cleavage with the ternary complex at 37°C (Fig. 2F ), and this was further enhanced at 50°C (fig. S10 and tables S4 to S8). At 50°C, detectable target RNA cleavage was observed at ternary complex concentrations as low as 125 pM (fig. S11A), with no background cleavage of nontarget RNA at the highest complex concentration tested (250 nM) (figs. S10B and S11B). Cas12g1 ternary complex also cleaved dye-labeled collateral RNA accompanying unlabeled target RNA at target concentrations as low as 100 pM, demonstrating that the stand-alone RNA detection sensitivity of Cas12g1 is comparable to that of the highest performing Cas13 variants ( Fig. 2F and fig. S11 , C and D) (21) . Both RNA and ssDNA cleavage by Cas12g1 are metal ion dependent and require an intact RuvC domain that was previously known to cleave only DNA (Fig. 2 , G and H, and figs. S4 and S12). The thermostability and nucleic acid detection sensitivity of Cas12g1 has the potential to enhance the performance and durability of nucleic acid diagnostic methods, such as SHERLOCK and DETECTR (16, 18, 22) . Additionally, the small size of Cas12g1 is likely to facilitate delivery for diverse in vivo transcriptome engineering applications (23, 24) .
We next investigated subtype V-H and V-I systems containing effectors Cas12h (870 to 933 amino acids) and Cas12i (1033 to 1093 amino acids), respectively. These effectors show distant similarity to Cas12b, with substantial truncation of N-terminal regions responsible for PAM recognition and DNA unwinding (25, 26) . In vivo screening of Cas12h1 (870 amino acids), Cas12i1 (1093 amino acids), and Cas12i2 (1054 amino acids) demonstrated robust and broadly distributed targeting of both strands of dsDNA substrates that was dependent on an intact RuvCI domain (Fig. 3A and figs. S13A and S14, A to F). The noncoding plasmid was not required, indicating that, unlike subtype V-B systems, the minimal V-H and V-I interference modules include only the effector and crRNA (Fig. 3A and  fig. S14, G and H) . Analysis of target-flanking sequences corresponding to strongly depleted arrays from in vivo screens showed that dsDNA interference by Cas12h1 depends on a 5′ RTR PAM ( fig. S13B ), whereas Cas12i1 and Cas12i2 prefer a 5′ TTN PAM (Fig. 3B) .
Small RNA sequencing of Cas12i1 in vivo screen samples demonstrated biogenesis of a mature crRNA ( fig. S15) , which was confirmed in vitro using purified Cas12i1 and a minimal pre-crRNA (DR-spacer-DR-spacer-DR) ( fig. S16 and table  S3 ). Binary complexes containing Cas12i1 and pre-crRNAs efficiently cleaved target containing ssDNA substrates (Fig. 3C) as well as labeled collateral ssDNA in the presence of unlabeled target ssDNA, consistent with collateral ssDNA cleavage activity (Fig. 3D) .
We observed Cas12i1-mediated cleavage of dsDNA under denaturing conditions, which was suggestive of dsDNA nicking. While reactions containing dsDNA with a labeled non-spacercomplementary strand showed robust DNA cleavage over a wide range of binary complex concentrations, those containing dsDNA with the spacer-complementary strand labeled showed only small amounts of cleavage at the highest concentrations tested (Fig. 3E and fig. S17, A  and B) . Under nondenaturing conditions, Cas12i1 cleavage reactions yielded products with lower electrophoretic mobility than the input dsDNA, and these products were then converted to double-strand breaks by S1 nuclease treatment, consistent with nicking of dsDNA substrates (Fig. 3F) . These results suggested that Cas12i1 preferentially nicks the non-spacer-complementary strand, and it cleaves the spacer-complementary strand with a lower efficiency to yield a dsDNA break. Together, the small size, autonomous processing of multiplexed crRNAs, and nicking activity of Cas12i could enhance double-nicking applications for high-fidelity genome editing (27) .
Subtype V-C loci have been previously observed but never characterized due to incomplete genomic data (10). With our expanded database, we detected and synthesized in vivo screen plasmids for complete subtype V-C systems containing the effectors OspCas12c (from Oleiphilus sp. HI0009), Cas12c1, and Cas12c2. All these systems showed broad and symmetrical targeting of both DNA strands, consistent with autonomous dsDNA interference (Fig. 4A and fig. S18 ). RNA sequencing of screening samples for the minimal subtype V-C systems demonstrated pre-crRNA processing and highly expressed tracrRNAs ( fig. S19) . A 5′ TG PAM was required for Cas12c1 and OspCas12c, and a minimal 5′ TN PAM was required for Cas12c2 (Fig. 4B) . The single-nucleotide TN PAM for Cas12c2 dsDNA targeting complements recently engineered Cas9 effectors with minimal PAMs (28) , potentially expanding the target space for genome editing.
We have presented here a framework for systematic discovery, screening, and characterization of class 2 CRISPR-Cas systems, and we demonstrated a range of activities for four type V CRISPR-Cas subtypes, including target and collateral cleavage of ssRNA and ssDNA as well as dsDNA nicking and cleavage (Fig. 4C) . These findings reveal the transition in the properties of Cas12 proteins along the proposed evolutionary path from TnpB to large type V effectors. Additionally, future applications could include 
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expanded genomic targeting via the minimal Cas12c2 PAM, high-fidelity genome editing using Cas12i nicking (27) , or sensitive and durable nucleic acid detection via collateral cleavage by the thermostable Cas12g1 (18, 22) . We anticipate that our discovery framework will yield new CRISPR-Cas variants as genomic and metagenomic sequence databases grow, expanding the understanding of CRISPR biology and the nucleic acid manipulation toolbox. 
